Abstract Two strains of "Microthrix parvicella" (RN1 and 4B strains) have been physiologically and kinetically characterized by utilizing a new technique particularly suitable for slow growing bacteria. The proposed method is based on the Total Extended Filament Length (TEFL) measure on filaments grown on agar surfaces. This allows us to study more easily and rapidly slow growing bacteria under many different conditions without altering the growth environment during the test. "Microthrix parvicella" appears to have versatile physiological capabilities allowing effective competition against other bacteria in the complex biocenosis of activated sludge. Main peculiarities of this organism are its storage capabilities under an aerobic/anoxic/anaerobic reaction environment, the resistance to long periods of anoxic/anaerobic conditions, the possibility of growing with appreciable kinetics at very low temperatures. In the kinetic characterization low Ks values have been observed; this finding supports the assumption that "Microthrix parvicella" is a "Ks-strategist" with high substrate affinity. Kinetics tests performed in a mixed population of activated sludge bacteria and on pure culture of filaments isolated from the same sludge sample showed that no beneficial effect on the growth rates of "Microthrix parvicella" seems attributable to the presence of activated sludge. This last result confirms the validity of pure culture studies for this microorganism and the reliability of physiological and kinetic data so evaluated in describing real systems.
Introduction
"Microthrix parvicella" is the most common cause of bulking and foaming in activated sludge systems but, in spite of the interest of the scientific community for this filamentous bacterium, only a few pure culture studies are available. The lack of data is mainly due to difficulties with its isolation, cultivation and its characteristic slow growth. In particular, as far as the physiology of the organism is concerned, only for one strain (RN1) the taxonomic position and the basal physiological characterisation have been described (Tandoi et al., 1998) .
In the present study a new technique particularly suitable for evaluating the kinetics of slow growing bacteria has been set up and applied to physiologically and kinetically characterize two different strains of "Microthrix parvicella" (RN1 and 4B strains).
The proposed method is an original application of the measurement of the filament extension. In particular, instead of measuring the Total Extended Filament Length (TEFL) of filaments grown in a liquid culture medium, this parameter has been followed on filaments grown on agar surfaces. This allows us to study more easily and rapidly "Microthrix parvicella" under many different conditions without altering the growth environment during the test. Moreover, differently from the TEFL measurement on liquid cultures, on an agar surface it is possible to follow the growth kinetics of a very small amount of biomass (corresponding to filament length in the range of 100-500 µm). The validity of the proposed method has been ascertained by comparing the maximum growth rate results previously obtained for "Microthrix parvicella" RN1 strain grown in liquid cultures (Tandoi et al., 1998; Tomei et al., 1999) and on agar media.
Objectives of this paper are not only to verify the applicability of the proposed technique for a typical slow grower bacterium but also to give a contribution in completing the "Microthrix parvicella" puzzle (Eikelboom, 1994) with new physiological and kinetic characterization data. Regarding the physiology of "Microthrix parvicella", growth and storage capabilities of this organism in an anaerobic and anoxic reaction environment have been investigated. Moreover, the effect of anaerobic stress in terms of aerobic growth recovery after a prolonged period of exposure to anaerobic condition was studied.
A first series of kinetic tests has been performed to evaluate the temperature effect on growth kinetics: maximum growth rate has been evaluated for both strains in conditions of no limiting substrate in the range 7-30°C to verify the capability of this organism of growing also at a very low temperature considering that its presence in wastewater treatment plants is detected especially during the winter time. In a second series of tests, kinetic parameters µ max (maximum growth rate) and Ks (saturation constant) have been calculated at constant temperature (20°C) and different substrate concentrations.
Finally, in order to verify the possible beneficial effect of the other microorganisms constituting the activated sludge biocenosis on the "Microthrix parvicella" growth and the applicability of pure culture data to real systems, maximum growth rate of this microorganism in a mixed population of activated sludge bacteria has been evaluated either in the presence of bioflocs or on filaments isolated from the same sludge sample and grown in pure culture.
Materials and methods

Microorganisms
Two strains of "Microthrix parvicella" (strains RN1 and 4B), previously isolated from two full scale activated sludge plants located in different regions of Italy, have been used in this study. The strains were routinely cultivated and maintained on R2A medium (Reasoner and Geldreich, 1985 ; R2A consists of six components: glucose, casaminoacids, yeast extract, sodium pyruvate, starch and proteose peptone) at 20°C.
Assessment of growth
The TEFL method (Jenkins et al., 1993) was chosen as a parameter for evaluation of biomass growth. The TEFL was determined measuring the filament length directly on filaments growing on the surface of the agar media. The measurements were carried out using a Kontron Elektronic Imaging System KS 100 connected to a colour video camera TK -1280E mounted on a Zeiss Axioskope Microscope at 100 × magnification (Carl Zeiss, Germany). TEFL measurement under anaerobic conditions was performed by incubating the plates in transparent plastic bags (Anaerocult ® Mini, Merck). In this way the TEFL measurements were done by direct microscopy avoiding opening the bags and thereby interruption of the anaerobic conditions.
Anoxic and anaerobic storage
Pure cultures. The storage capability of "Microthrix parvicella" in pure culture was studied by incubating the two strains on solid R2A medium in an anaerobic jar. The anoxic conditions were obtained by adding nitrate or nitrite to the above mentioned growth medium at a concentration of 0.1% w/w (as KNO 3 ) and 0.01% w/w (as NaNO 2 ) respectively. The denitrification capability in the presence of mixed biomass was determined by keeping the pure culture physically separated (cultivated on top of the agar surface) from the activated sludge (spread under the solid growth media).
Mixed biomass. The anaerobic storage was studied on activated sludge from a conventional full scale activated sludge treatment plant containing "M. parvicella" filaments, identified by FISH analysis using the specific probe Mpa 222 (Erhart et al., 1997) . The sample was inoculated in a mineral and salts medium containing bicarbonate and resazurine ("clear medium" for anaerobes, Tandoi et al., 1994) with the carbon source (composed in equal proportions by sodium acetate, sodium butyrate, and the carbon sources contained in R2A). Final concentrations in the sample were 150 mg/L as MLVSS and 80 mgCOD/L as carbon source. The anaerobic conditions were obtained by fluxing the head space with nitrogen. The presence of PHA granules was determined by Nile Blue staining (Rees et al., 1992) while the polyphosphate inclusions were detected by Neisser staining (Jenkins et al., 1993) .
Kinetic characterization
The isolates were acclimated at each temperature before carrying out the measurement of TEFL versus time. The µ max and Ks determination has been done using R2A medium with the total carbon sources at different concentrations in the range 0.5-3,000 mgCOD/L.
In the in situ kinetic tests, after spreading about 50 µL of activated sludge on a small portion of a plate containing R2A medium, TEFL was determined by following filaments growing together with the other components of the sludge macrobiota. The identity of "Microthrix parvicella" was ascertained by molecular probing (Erhart et al., 1997) .
Isolates from the same sludge sample were obtained by micromanipulation and grown on R2A medium.
Data analysis to evaluate kinetic parameters has been performed by utilizing the software Scientist for Windows, Version 2.0 (Micromath Scientific Software) while for the statistical analysis of data the SigmaStat software for Windows (Jaendel Scientific Software) has been employed.
Results and discussion
Physiology
The growth and storage potentialities of "Microthrix parvicella" under different reaction environments have been studied in pure culture and in mixed biomass. In Table 1 a summary of the physiological capabilities of this filamentous bacterium is shown including the results from the present study and those obtained from the literature. Reported results confirm that "Microthrix parvicella" is an aerobic microorganism, in fact no growth has been observed under anoxic and anaerobic conditions. As regards the storage capacity, it has been previously reported under aerobic conditions (see Table 1 ) while under anaerobic conditions only the uptake of oleic acid has been observed by microautoradiography (Andreasen and Nielsen, 2000) . Additional information on the storage capabilities of this 
( organism are given in the present study: it has been found that storage is a peculiar physiological property of "Microthrix parvicella" occuring in pure and mixed cultures. Moreover, storage has been observed for different carbonaceous compounds under all the environmental conditions tested.
Effect of anaerobic conditions
Growth. No growth was observed under anaerobic conditions for all the filaments examined (about 100 filaments for each strain) and for filaments of "Microthrix parvicella" in mixed biomass.
Storage. The anaerobic PHA storage was studied either in pure culture or in activated sludge samples containing large amounts of "Microthrix parvicella" identified by FISH analysis, as described in Material and Methods. In Figure 1 the anaerobic storage in RN1 strain and in filaments of this bacterium in mixed biomass is shown. PHA inclusions and a contemporary decrease of intracellular polyphosphate were observed after 24 hours of anaerobiosis. Specific additional tests on a quantitative basis are planned to better sustain the role of the polyphosphate hydrolysis as an energy source for anaerobic PHA storage. The capability of "M. parvicella" of storing carbonaceous compounds under anaerobic conditions could represent an important strategy of the microorganism for surviving under anaerobic/aerobic conditions (i.e. typical of P-removal systems or of conventional activated sludge treatment plants with zones of inadequate mixing and/or aeration).
Anaerobic stress. Strains RN1 and 4B were incubated under anaerobic conditions on R2A agar surfaces. After about three months of anaerobic incubation, the filaments were allowed to grow under aerobic conditions and both the strains were again able to produce visible colonies on the whole surface of the agar medium (Figure 2 ). Growth kinetics evaluated after the anaerobic stress period were comparable to those detected in aerobic conditions before the anaerobiosis.
Effect of anoxic conditions
No growth was observed when nitrate or nitrite was added to the growth medium while PHA storage has been detected in both cases (see Table 1 ). It has been also confirmed, as previously reported (Tandoi et al., 1998) , that both strains are able to reduce nitrate no further than nitrite but this process does not sustain the growth. After prolonged anoxic conditions, most of the filaments of "M. parvicella" were able immediately to grow again as soon as cultivated in aerobiosis.
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A B Figure 1 Anaerobic PHA storage detected by Nile Blue staining in RN1 strain (A) and in filaments of "Microthrix parvicella" present in an activated sludge sample (B). Bar is 100 µm
The beneficial effect due to other components of activated sludge on the denitrification capability of this filamentous bacterium has not been observed. In fact, activated sludge growing under the agar surface of the growth medium containing nitrate or nitrite as electron acceptor did not sustain the growth of "M. parvicella" strains RN1 and 4B cultivated on the top of the agar surface.
Kinetics
The growth kinetics of "Microthrix parvicella" has been investigated in pure culture under different reaction environment conditions in terms of temperature and external substrate concentration.
In the first series of kinetic tests the maximum growth rate has been evaluated at different temperatures in the range 7-30°C for the two strains 4B and RN1. Results are shown in Figure 3 .
Dependence function µ max (T) shows a maximum at ≅ 22°C; no growth is detected at 30°C while at 7°C µ max is 0.103 ± 0.032 d -1 for 4B and 0.085 ± 0.019 d -1 for RN1, values still quite high if compared with the maximum growth rate at 20°C.
Maximum growth rate data in the range 7-20°C (where µ max increases as the temperature increases) have been correlated with the simplified form of the Arrhenius equation usually employed to evaluate the temperature effect on biomass from wastewater treatment plants: (20) where T is the temperature (°C), µ max (20) and µ max (T) are the maximum growth rates (d -1 ) at 20°C and T respectively and θ is the temperature dependency coefficient. Correlation coefficients are 0.994 for strain 4B and 0.996 for RN1 while estimated θ values are equal to 1.114 and 1.105 respectively. This result shows a significant dependence of Microthrix parvicella maximum growth rate on the temperature and obtained θ values are comparable to that reported for nitrifiers (θ =1.123) (Ekama and Marais, 1984) . Experimental findings clearly confirm the capability of "Microthrix parvicella" of growing at low temperatures with appreciable growth rates and support the hypothesis that this peculiarity can be a significant advantage in the competition with flocformers during the cold season.
In order to have a complete kinetic characterization of the microorganism at 20°C, an additional series of kinetic tests have been performed in the range of substrate concentration: 0.5-3000 mgCOD/L for µ max and Ks evaluation. Very low substrate concentrations have been considered to obtain a more reliable estimation of Ks.
Results for the maximum growth rate data are reported in Table 2 . For both strains, µ max values at different concentrations show a very good reproducibility and no effect of substrate concentration on this parameter is observed in the range 50-3,000 mgCOD/L; values obtained by considering all data (N = 25 for 4B and 45 for RN1) are 0.46 d -1 (LC 95 = 0.018) and 0.37 d -1 (LC 95 = 0.016) for strain 4B and RN1 respectively. These values are typical of slow growing bacteria able to proliferate in nutrient removal plants operating at high sludge retention time. Moreover, it has to be pointed out that µ max for RN1 is in the range previously determined in liquid cultures (0.3-0.5 d -1 , Tandoi et al., 1998) so confirming the reliability of the proposed characterization technique.
Ks data are characterized by higher variability if compared to µ max , but very similar mean values have been obtained for the two strains: 3.94 mgCOD/L (N = 13, LC 95 = 1.44) for 4B and 3.93 mgCOD/L (N = 25, LC 95 = 1.47) for RN1. The low Ks value indicates the high carbonaceous substrate affinity of "Microthrix parvicella", which is an advantage in terms of kinetic competition with floc-formers (characterized by higher Ks values and low substrate affinity) in systems (as CSTR reactors) operating at low substrate concentration. It has to be pointed out that this Ks value estimated on pure culture applies to filaments growing in the liquid bulk. A higher "apparent" Ks value has to be considered for filaments developing inside the biofloc taking into account the diffusional resistances to the substrate transport from the liquid phase to the bioflocs. In a third series of tests maximum growth rate has been estimated at 20°C in a population of activated sludge by following 17 filaments in the mixed culture spread on agar plates and on 3 isolates from the same sample. TEFL measurements in the mixed cultures have been performed until the overgrowth of the other bacteria prevented the capture of a clear image suitable for the determination. All the filaments considered for evaluating µ max were surrounded by biological flocs. Figure 4 shows "Microthrix parvicella" growing filaments and other colonies of microorganisms while Table 3 shows the maximum growth rate and the related statistical parameters obtained in the mixed culture samples and on the isolates.
The very close values obtained for µ max shows that no significant effect on the growth kinetics seems attributable to the presence of activated sludge. This result has to be considered preliminary, additional tests employing effective in situ characterization techniques are necessary to support this conclusion.
Conclusions
As regards the validation of the proposed technique, the obtained results confirm that it is reliable and particularly appropriate for slow growing bacteria considering the following advantages:
• it is possible to measure growth rates with very low biomass amounts (single filaments can be followed) • the growth of many filaments can be followed in parallel on the same agar medium and this allows the researcher to easily obtain a significant number of replicates required for the statistical data analysis • the variation of substrate concentration during the kinetic tests is almost negligible (due to the very low consumption by small amounts of biomass), consequently the microorganisms during the test are exposed to an "almost constant substrate concentration", condition that permits us to easily quantify the effects of this parameter on the growth kinetics • physiological and kinetic characterization can be also performed in the presence of activated sludge.
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71 Figure 4 Growth of a filament of "M. parvicella" in the presence of the other components of activated sludge on agar surface Physiological and kinetic characterization of "Microthrix parvicella" confirm the versatility of this aerobic organism, which can grow on different substrates and under a large spectrum of environmental conditions in terms of temperature and substrate concentration. The microorganism is not able to grow utilizing nitrite and nitrate as an electron acceptor but can survive under prolonged anoxic and anaerobic conditions.
On the basis of the obtained results, the main potential advantages in the competition with floc-formers can be summarized as follows:
• high storage capacity observed for different carbonaceous compounds under all the environmental conditions (aerobic, anoxic and anaerobic) in pure and mixed cultures • resistance to long periods of exposure to anoxic and anaerobic conditions with complete recovering of the growth kinetics when aerobic conditions are restored • possibility of growing with appreciable kinetics at very low temperatures (until 7°C) • low Ks value, that is, "high substrate affinity" and consequent favourable competition at low substrate concentration. Finally tests realized in the presence of activated sludge showed that no significant effect on the growth kinetics seems attributable to the presence of activated sludge. These results support the validity of pure culture studies for this microorganism and the potential extrapolation to the real system of physiological and kinetic data so evaluated.
